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A microminiature laminated heat exchanger for use in a cryogenic probe, and a method of manufacture. The heat exchanger has high 
and low pressure flow patterns (46, 48) etched into oxygen free copper sheets (42), with the flow patterns being tortuous paths promoting 
turbulent flow. Hie sheets (42) containing the flow patterns are bonded into a laminated assembly in the shape of a cylinder (28), with 
a high pressure inlet and a low pressure outlet in a first end, and a high pressure outlet and a low pressure inlet in a second end. The 
high pressure flow path lies alongside the low pressure flow path, with flow in the two paths being in opposite directions, to accomplish 
counterflow heat exchange. Substantial portions of the flow paths are either parallel to, or transverse to, the longitudinal axis of the heat 
exchanger, with the resuulting heat flow being essentially radial or axial, respectively. 
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TITLE OF THE INVENTION 
Cryogenic Heat Exchanger 

BACKGROUND OF THE INVENTION 
5 This invention is in the field of apparatus used to cool miniature objects or very 

small portions of objects to very low temperatures. The objects to be cooled may include 
biological matter, electronic components, and others. In many different fields of 
endeavor, it is desirable to be able to selectively cool a very small or even microscopic 
object to a very low temperature without affecting the temperature of surrounding objects. 

10 This is true in the field of electronics, where it may be desirable to apply cooling to a 
miniature component on a circuit board without substantially cooling adjacent 
components. It is also true in the field of medicine, where it may be desirable to be able 
to cool miniature discrete portions of biological tissue to very low temperatures in the 
performance of cryosurgery, without substantially cooling adjacent tissues of the organ. 

15 In the interest of simplicity, this specification will address the fulfillment of this need in 
the field of medicine, but it should be understood that application of the present invention 
in other fields, such as electronics, is also contemplated within the scope of the present 
invention. 

Cryosurgery has become an important procedure in medical, dental, and veterinary 
20 fields. Particular success has been experienced in the specialties of gynecology and 
dermatology. Other specialties, such as neurosurgery and urology, could also benefit from 
the implementation of cryosurgical techniques, but this has only occurred in a limited 
way. Unfortunately, currently known cryosurgical instruments have several limitations 
which make their use difficult or impossible in some such fields. Specifically, known 
25 systems are not optimally designed to have sufficient precision and flexibility to allow 
their widespread use endoscopically and percutaneously. 

In the performance of cryosurgery, it is typical to use a cryosurgical application 
system designed to suitably freeze the target tissue, thereby destroying diseased or 
degenerated cells in the tissue. The abnormal cells to be destroyed are often surrounded 
30 by healthy tissue which must be left uninjured. The particular probe or other applicator 
used in a given application is therefore designed with the optimum shape and size for the 
application, to achieve this selective freezing of tissue. Where a probe is used, the 
remainder of the refrigeration system must be designed to provide adequate cooling, 
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which involves lowering the operative portion of the probe to a desired temperature, and 
having sufficient power or capacity to maintain the desired temperature for a given heat 
load. The entire system must be designed to place the operative portion of the probe at 
the location of the tissue to be frozen, without having any undesirable effect on other 

5 organs or systems. 

Currently known cryosurgical systems typically use liquid nitrogen or nitrous 
oxide as coolant fluids. Liquid nitrogen is usually either sprayed onto the tissue to be 
destroyed, or it is circulated to cool a probe which is applied to the tissue. Liquid nitrogen 
has an extremely low temperature of approximately 77K, and a high cooling capacity, 

10 making it very desirable for this purpose. However, liquid nitrogen typically evaporates 
and escapes to the atmosphere during use, requiring the continual replacement of storage 
tanks. Further, since the liquid is so cold, the probes and other equipment used for its 
application require vacuum jackets or other types of insulation. This makes the probes 
relatively complex, bulky, and rigid, and therefore unsuitable for endoscopic or 

15 intravascular use. The need for relatively bulky supply hoses and the progressive cooling 
of all the related components make the liquid nitrogen instruments less than comfortable 
for the physician, as well, and they can cause undesired tissue damage. 

A nitrous oxide system typically achieves cooling by pressurizing the gas and then 
expanding it through a Joule-Thomson expansion element, such as a valve, orifice, or 

20 other type of flow constriction, at the end of a probe tip. Any such device will be referred 
to hereinafter simply as a Joule-Thomson "expansion element". The typical nitrous oxide 
system pressurizes the gas to 700 to 800 psia., to reach practical temperatures of no lower 
than about 190K to 21 OK. Nitrous oxide systems are not able to approach the temperature 
and power achieved by the nitrogen systems. The maximum temperature drop that can be 

25 achieved in a nitrous oxide system is to 1 84K, which is the boiling point of nitrous oxide. 
The nitrous oxide system does have some advantages, in that the inlet high pressure gas is 
essentially at room temperature until it reaches the Joule-Thomson element at the probe 
tip. This eliminates the need for insulation of the system, facilitating miniaturization and 
flexibility to some extent. However, because of the relatively warm temperatures and low 

30 power, tissue destruction and other applications are limited. For many such applications, 
temperatures below 184K are desirable. Further, the nitrous oxide must typically be 
vented to atmosphere after passing through the system, since affordable compressors 
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suitable for achieving the high pressures required are not reliable and readily 
commercially available. 

In most Joule-Thomson systems, single non-ideal gasses are pressurized and then 
expanded through a throttling component or expansion element, to produce isenthalpic 

5 cooling. The characteristics of the gas used, such as boiling point, inversion temperature, 
critical temperature, and critical pressure determine the starting pressure needed to reach a 
desired cooling temperature. Joule-Thomson systems typically use a heat exchanger to 
cool the incoming high pressure gas with the outgoing expanded gas, to achieve a higher 
drop in temperature upon expansion and greater cooling power. For a given Joule- 

10 Thomson system, the desired cooling dictates the required heat exchanger capacity. 
Finned tube heat exchangers have been used, but these are necessarily bulky to achieve 
the required cooling, preventing their use in micro-miniature systems such as catheter 
delivered instruments. Smaller heat exchangers have also been known, constructed of 
photo-etched glass plates. These heat exchange systems are still in the range of several 

15 centimeters square in size, making them still too bulky for true micro-miniature use, such 
as in endoscopes, catheters, and other systems. Further, these heat exchangers are planar 
and difficult to incorporate into tubular structures such as catheters or endoscopes. In 
many of these medical applications, the dimensions of the components must be less than 
approximately 3 mm. in width to allow incorporation into a catheter or endoscope, and 

20 preferably less than 15 mm. in length to allow sufficient flexibility. 

Where a small heat exchanger is placed near the point of delivery of the cooling, 
such as near the distal end of a catheter or endoscope, the heat exchanger will necessarily 
be exposed to the thermal environment in that region of the patient's body. This can 
impose a significant additional head load on the refrigeration system, through the heat 

25 exchanger. The heat exchanger can not normally be insulated from the thermal effects of 
the environment, because of space limitations at that point. The additional heat load 
imposed on the refrigeration system by the thermal environment near the point of cooling 
will limit the performance of the heat exchanger, by warming both the high pressure and 
low pressure gas streams passing through the heat exchanger. Furthermore, the biological 

30 tissues in the vicinity of the heat exchanger can receive undesirable cooling by being 
exposed to the virtually uninsulated heat exchanger. 

Heat exchanger requirements can be reduced somewhat by pre-cooling the gases 
prior to the probe tip heat exchanger. This can be done by incorporating a Peltier device 
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in the flow path prior to the probe tip heat exchanger. Gas flowing through a heat 
exchanger on the surface of the cold side of the Peltier device would be cooled prior to 
reaching the probe tip heat exchanger. Alternatively, the inlet high pressure stream could 
be split so that a portion of the stream could be diverted and expanded to cool the 

5 remaining portion of the inlet stream prior to reaching the probe tip heat exchanger. 

A dramatic improvement in cooling in Joule-Thomson systems can be realized by 
using a mixture of gasses rather than a single gas. For example, the addition of 
hydrocarbons to nitrogen can increase the cooling power and temperature drop for a given 
inlet pressure. Further, it is possible to reduce the pressure and attain performance 

10 comparable to the single gas system at high pressure. Similar to single gas systems, these 
mixed gas systems have heat exchanger requirements and are limited in their 
miniaturization potential by the size of the heat exchanger. The improvement in cooling 
performance realized by mixed gas systems is very desirable for medical and other 
microminiature systems. 

15 Some mixed gas systems have been designed where high pressure is not a major 

concern, and where bulky high efficiency heat exchangers can be used, but they are 
typically used in defense and aerospace applications . The glass plate heat exchangers 
mentioned above are used in some such systems, and these systems sometimes require 
pressures of 1200 psia. In many applications, such as laser systems, superconductors, 

20 electronics and cryosurgery, pressures above approximately 420 psia. are undesirable for 
safety reasons, and because the devices exhibit poor longevity, high cost, and poor 
reliability. Further, endoscopic or percutaneous use prevents implementation of any heat 
exchanger having a width of greater than about 3 mm. or a length of more than about 15 
mm. 

25 Specifically, it would be desirable to develop a long, slender, flexible cryoprobe, 

for use in a miniature delivery system such as a transvascular cardiac catheter. Cardiac 
catheters must be very slender, in the range of less than 5 mm., and they must exhibit 
considerable flexibility, in order to be inserted from an access point in a remote blood 
vessel into the heart. A cryosurgical catheter to be used in such an application must also 

30 have a relatively low operating pressure for safety reasons. It must have the cooling 
capacity to overcome the ambient heat load imposed by the circulating blood, yet it must 
be able to achieve a sufficiently low temperature to destroy the target tissue. Finally, the 
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cold heat transfer element must be limited to the tip or end region of the catheter, in order 
to prevent the damaging of tissue other than the target tissue. 

It is an object of the present invention to provide a micro-miniature heat exchanger 
for use in a miniature Joule-Thomson refrigeration system, to achieve an expanded gas 

5 temperature of at least as low as 183K, with sufficient cooling power to maintain this 
temperature when a heat load is applied, and to perform this function with an inlet high 
pressure of no greater than 420 psia. It is a further object of the present invention to 
provide a micro-miniature heat exchanger having an integrated vacuum insulation jacket 
which will minimize the effects of exposure of the heat exchanger to an adverse thermal 

10 environment. It is a still further object of the present invention to provide an accurate and 
economical method for constructing large numbers of the aforementioned heat exchanger. 



BRIEF SUMMARY OF THE INVENTION 
The present invention comprises a cylindrical micro-miniature laminated heat 

15 exchanger for use in a miniature refrigeration system. The miniature refrigeration system 
has a compressor for compressing a gas mixture to a pressure up to 420 psia. The high 
pressure gas mixture from the compressor is fed into a high pressure supply tube, such as 
an inner tube of a coaxial cardiac catheter, which in turn feeds the high pressure gas 
mixture into the inlet port at the proximal end of the cylindrical micro-miniature 

20 counterflow heat exchanger of the present invention. The high pressure gas mixture 
passes through a high pressure supply passageway within the heat exchanger and exits 
through a port at the distal end of the heat exchanger. The high pressure distal port of the 
heat exchanger is connected to the inlet of a Joule-Thomson expansion element, in which 
the gas mixture is isenthalpically expanded to a lower pressure and a temperature at least 

25 as low as 183K. The expansion element can have a second stage in which the gas mixture 
is further expanded isothermally to absorb additional heat from the surroundings. 

The gas mixture escaping from the Joule-Thomson expansion element is exposed 
to the inner surface of a heat transfer element mounted in the wall of an outer tube coaxial 
with the inner tube. The expanded gas mixture cools the heat transfer element to a 

30 temperature of at least as low as 183K and then returns through the low pressure return 
passageway of the heat exchanger. This cools the high pressure gas from its original 
ambient temperature to a lower temperature. From the low pressure outlet of the heat 
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exchanger, the expanded gas mixture flows into the lumen of the outer tube, outside the 
inner high pressure tube, to return to the compressor. 

The heat exchanger of the present invention has a laminated construction, which 
can be any one of several different types. In a preferred embodiment, the heat exchanger 

5 is constructed of a plurality of round plates and ring shaped spacers stacked alternatingly 
along the axial dimension of the heat exchanger. The plates have a first plurality of holes 
establishing the high pressure passageway of the heat exchanger, and a second plurality of 
holes establishing the low pressure passageway of the heat exchanger. The high pressure 
holes are segregated from the low pressure holes. A substantially annular channel is 

10 formed through each plate and spacer, near the periphery of the plate or spacer. This 
annular channel can be aligned with the annular channels through adjacent plates to 
establish an integral insulating vacuum jacket substantially surrounding the periphery of 
the heat exchanger. This integrally formed annular vacuum jacket constitutes a more 
uniform dead space than known vacuum jackets which are added to the outside of a heat 

15 exchanger; therefore the integral vacuum jacket achieves a more effective insulation of 
the heat exchanger. 

The plates are formed from relatively large, very thin, oxygen free copper sheets. 
The copper sheet is first coated with a thin layer of a photo-resistive compound. A pattern 
defining the desired outline of each plate and the sizes and placement of the holes and the 

20 annular channels is designed on a computer aided design system, and the pattern is then 
transferred to the copper sheet with a numerically controlled laser. The laser bonds the 
photo-resistive layer to the copper sheet in the desired pattern. The copper sheet is then 
washed in etching chemicals, with the bonded pattern of photo-resistive compound 
protecting that portion of the copper sheet from etching. The etching chemicals dissolve 

25 the copper in the unbonded areas. This forms a large number of the desired copper plates 
in the sheet, with each plate having the desired pattern of holes and annular channels 
etched therein. This allows a large number of the copper plates to be formed from a 
single, large sheet. Since a large sheet can be more accurately aligned than can a very 
small round plate, this facilitates the accurate alignment of the copper plates with adjacent 

30 plates or spacers. This also makes the manufacturing of a large number of heat exchangers 
more economical. 

In a similar fashion, a large number of spacer rings are formed by etching a 
relatively large, very thin, stainless steel sheet. Each spacer has a large opening for each 

6 
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high pressure passageway, and a large opening for each low pressure passageway. A 
substantially annular channel is formed through each spacer ring near the periphery of the 
spacer. This annular channel can be aligned with the annular channels through adjacent 
plates and spacers, to form a part of the integral insulating vacuum jacket substantially 
surrounding the periphery of the heat exchanger. 

The large sheets of plates and spacers are stacked to form the plates and spacers 
into a large number of cylinders, with alternating copper plates and stainless steel spacers. 
Sheets of special end plates are placed at each end of the stack to form access ports at the 
ends of the high pressure and low pressure passageways, and to block the ends of the 
integral vacuum insulating jacket. The stack of copper sheets and steel sheets is then 
placed in a vacuum, thereby evacuating all of the high pressure and low pressure 
passageways, the annular channels, and the spaces between the sheets. The stack of plates 
and spacers is then diffusion bonded together. 

When diffusion bonding is complete, the high pressure and low pressure 
15 passageways remain open through the ports at their ends, while the integral annular 
vacuum jacket is sealed, to maintain a vacuum. The high pressure holes in any given plate 
do not align perfectly with the high pressure holes in either of the neighboring plates, 
thereby causing the gas mixture flow to be turbulent, promoting heat transfer. The 
relative misalignment of holes in the copper plates, and the alignment of the holes in the 
20 spacers, can be used to achieve either a substantially axial flow, with radial heat transfer, 
or a substantially transverse flow, with an axial heat transfer. The annular channels in a 
given cylinder of plates and spacers are held in alignment, to form an axially continuous, 
substantially annular, vacuum jacket through virtually the entire length of the cylinder. 

The stacking and diffusion bonding of relatively large sheets of plates and spacers 
25 overcomes the difficulty of trying to align individual, micro-miniature, perforated plates 
and spacers. Alignment of the elements is accomplished by accurate alignment of the 
large sheets, rather than the individual plates and spacers. The plates and spacers used in 
manufacturing heat exchangers for use in catheters and endoscopes must be so small that 
accurate alignment is virtually impossible, or very expensive. This is especially important 
30 in the heat exchanger of the present invention, where the individual holes in the high 
pressure passageway are slightly misaligned with the individual high pressure holes in 
adjacent plates, to create turbulent high pressure flow, and the low pressure holes in 
adjacent plates are similarly misaligned, to create turbulent low pressure flow. The 

7 
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turbulent flow resulting from this slight misalignment of individual holes has been found 
to be very important in achieving maximum heat transfer. 

The stacking and diffusion bonding of relatively large sheets of plates and spacers 
also allows the integral formation of additional, micro-miniature, functional elements on 

5 each end of each cylinder, such as an expansion orifice on one end, and an inlet/outlet 
connector on the other end. A large number of expansion orifices can be etched into a 
large sheet and placed on the top end of the stack of sheets. Similarly, several consecutive 
sheets of spacer rings, without intervening copper sheets, can be placed on the bottom end 
of the stack of sheets, to form a connector manifold for attachment of inlet and outlet gas 

10 tubes. Without this manufacturing process, the attachment of such an expansion orifice or 
such an inlet/outlet connector is difficult and expensive to accomplish accurately, because 
of the extremely small size of such elements in a system which is suitable for use in a 
catheter or endoscope. 

In an alternate embodiment, the heat exchanger can be constructed by etching a 

15 circuitous passageway or channel in a thin copper sheet. Two of these sheets can be 
laminated, with a solid sheet therebetween. Then, the laminated sheets can be rolled into 
a cylindrical shape. The channel in one of the etched sheets can serve as the high pressure 
passageway, while the channel in the other etched sheet can serve as the low pressure 
passageway. The solid sheet serves to segregate the high pressure channel from the low 

20 pressure channel. 

The novel features of this invention, as well as the invention itself, will be best 
understood from the attached drawings, taken along with the following description, in 
which similar reference characters refer to similar parts, and in which: 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a graph of enthalpy vs. temperature for a selected gas mixture used in 
the refrigeration system which incorporates the heat exchanger of the present invention; 

Figure 2 perspective view of one embodiment of the miniature refrigeration 
30 system incorporating the present invention; 

Figure 3 is a partial section view of the distal end portion of the cryosurgical probe 
portion of the refrigeration system shown in Figure 2; 
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Figure 4 is an elevational view of a first configuration of heat exchanger plate used 
in a first embodiment of the micro-miniature heat exchanger of the present invention; 

Figure 5 is an elevational view of a second configuration of heat exchanger plate 
for use in the first embodiment, showing a different angular orientation of holes from the 
5 orientation shown in Figure 4; 

Figure 6 is an elevational view of one spacer used in the first embodiment of the 
micro-miniature heat exchanger of the present invention; 

Figure 7 is an elevational view of a spacer used in a second embodiment of the 
micro-miniature heat exchanger of the present invention; 
10 Figure 8 is an elevational view of a first configuration of plate used in the second 

embodiment of the micro-miniature heat exchanger of the present invention; 

Figure 9 is an elevational view of a second configuration of plate used in the 
second embodiment of the micro-miniature heat exchanger of the present invention, 
showing the different orientation of high pressure and low pressure ports; 
15 Figure 10 is a series of elevational views of plates and spacers used in the second 

embodiment of the micro-miniature heat exchanger of the present invention, showing the 
flow of supply and return gas mixtures; 

Figure 1 1 is a sectional view of the plurality of plates and spacers shown in Figure 
10, showing the flow of supply and return gas mixtures; 
20 Figure 12 is a perspective view of a third embodiment of the micro-miniature heat 

exchanger of the present invention, prior to final shaping; 

Figure 13 is a perspective view of the heat exchanger shown in Figure 12, after 
final shaping; 

Figure 14 is a partial section view of a second embodiment of the distal end 
25 portion of the cryosurgical probe used in the present invention, showing a narrow 
elongated heat transfer element; 

Figure 15 is a section view of the second embodiment of the distal end of the 
probe, taken along the line 15-15 in Figure 14; 

Figures 16 and 17 are elevational views of two configurations of heat exchanger 
30 plates used in a third embodiment of the heat exchanger of the present invention; 

Figure 18 is an elevational view of a spacer used in the third embodiment of the 
present invention, with the plates shown in Figures 16 and 17; 
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Figure 19 is an elevational view of a strut used to connect the plates and spacers to 
their respective sheets, during construction of the heat exchanger according to the present 
invention; 

Figure 20 is an elevational view of an end cap used with the plates shown in 
5 Figures 1 6 and 1 7 and the spacer shown in Figure 1 8; 

Figures 21 and 22 are elevational views of a heat exchanger plate used in a fourth 
embodiment of the heat exchanger of the present invention; 

Figure 23 is an elevational view of an end plate used with the plates shown in 
Figures 21 and 22; 

10 Figure 24 is an elevational view of a spacer used with the plates shown in Figures 

21 and 22; 

Figure 25 is an elevational view of an end manifold used with the plates shown in 
Figures 21 and 22; 

Figures 26 and 27 are elevational views of a heat exchanger plate used in a fifth 
1 5 embodiment of the heat exchanger of the present invention; 

Figure 28 is an elevational view of an end plate used with the plates shown in 
Figures 26 and 27; 

Figure 29 is an elevational view of a spacer used with the plates shown in Figures 
26 and 27; 

20 Figure 30 is an elevational view of an end manifold used with the plates shown in 

Figures 26 and 27; 

Figures 31 and 32 are elevational views of a heat exchanger plate used in a sixth 
embodiment of the heat exchanger of the present invention; 

Figures 33 and 34 are elevational views of a spacer used with the plates shown in 
25 Figures 31 and 32; 

Figure 35 is an elevational view of an end plate used with the plates shown in 
Figures 31 and 32; 

Figure 36 is an elevational view of an end manifold used with the plates shown in 
Figures 31 and 32; 

30 Figure 37 is an elevational view of a spacer of Figure 20 superimposed on a plate 

of Figure 16 or 17; 

Figure 38 is an elevational view of a spacer of Figure 24 superimposed on a plate 
of Figure 21 or 22; 
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s 

Figure 39 is an elevational view of a spacer of Figure 29 superimposed on a plate 
of Figure 26 or 27; 

Figure 40 is an elevational view of a spacer of Figure 34 superimposed on a plate 
of Figure 32; 

5 Figure 41 is an elevational view of an orifice plate which can be used with the heat 

exchanger plates of Figures 16 and 17, 21 and 22, or 26 and 27; 

Figure 42 is an elevational view of an orifice plate which can be used with the heat 
exchanger plates of Figures 31 and 32; and 

Figure 43 is an elevational view of a sheet of heat exchanger plates, spacers, end 
10 plates, or manifolds, as used in constructing the heat exchanger of the present invention. 



DETAILED DESCRIPTION OF THE INVENTION 
The heat exchanger of the present invention is used in a Joule-Thomson 
refrigeration system which uses a gas mixture, instead of a single gas, since no known 

15 single gasses are capable of achieving the necessary cooling capacity at the required 
temperatures, given the size limitations and pressure limitations imposed on systems 
intended for use in the selected applications. Several gas mixtures have been identified 
for use with the present invention, and it is anticipated that others will be identified as 
well. Appropriate gas mixtures may take various forms, and they may be either 

20 hydrocarbon-based or non-hydrocarbon-based. 

By way of example only, the mixture currently identified as the preferred mixture 
for many applications is 30 percent Methane, 23 percent Nitrogen, 23 percent Isobutane, 
19 percent Ethane, and 5 percent Propane. The temperature capability of isenthalpic 
expansion of such a gas mixture is illustrated by Figure 1, which shows enthalpy curves 

25 for this gas mixture at pressures of 1 bar (14.5 psia.), 21 bar (305 psia.), and 41 bar (595 
psia.). Isenthalpic expansion from one of the higher pressures to the lower pressure 
proceeds horizontally to the left across the graph, accompanied by a drop in temperature. 
The lowest temperature attainable would be at the point where the curves cross, 
somewhere below 100K. The lower the temperature of the high pressure gas mixture, the 

30 lower the temperature which can be achieved by the isenthalpic expansion through the 
Joule-Thomson expansion element. It can also be seen from the graph that there is little 
difference between the temperatures attainable by expanding from 41 bar and expanding 
from 21 bar. 
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For example, assume that the heat exchanger used is capable of cooling the high 
pressure gas mixture to a temperature of 210 K, just upstream of the expansion element. 
If a high pressure of 21 bar is used, the isenthalpic expansion will result in a temperature 
of 180K. If the gas mixture is instead pressurized to 41 bar, the attainable temperature 

5 after isenthalpic expansion is still only about 173K. Further, the cooling capacity, or 
power, represented by the difference between the high pressure curve and the 1 bar curve 
at a given temperature is similar, whether the high pressure is 21 bar or 41 bar. Therefore, 
the added safety achieved by lowering the initial pressure to 21 bar, or approximately 300 
psia, results in only a minor loss of performance. Obviously, for a given gas mixture, the 

10 more efficient the heat exchanger, the lower the probe temperature that can ultimately be 
obtained, and the greater will be the cooling power. 

Figure 2 shows a refrigeration system 10 incorporating a heat exchanger according 
to the present invention, for a cryosurgical application. The system 10 consists of a 
commercially available single stage compressor 12, a flexible dual lumen hose 14 

15 connected to the inlet and outlet of the compressor 12, a steering handle 16, and a 
cryosurgical probe 18. The compressor 12 can be any of several oil based compressors 
available, typically using an aftercooler, an oil separator, and an adsorption filter. 
Alternatively, an oil free compressor could also be utilized. The hose 14 can be any 
flexible dual lumen hose suitable for the pressures and chemical exposures involved, for 

20 the gas mixture used. The handle 16 can have a control expansion element installed, for 
the physician to use in throttling the flow rate of the gas mixture. Alternatively, the flow 
could be controlled via a foot switch that regulates flow at the compressor. The probe 18 
is a coaxial catheter having an inner tube for conducting the high pressure gas mixture 
from the outlet of the compressor 12 and for returning the expanded low pressure gas to 

25 the inlet of the compressor 12. The probe 18 has a distal end portion or region 20 in 
which the heat exchanger, expansion element, and heat transfer element are located. The 
probe 18 is of suitable diameter, length, and flexibility to be inserted to the object to be 
cooled, such as through the vascular system of a patient into the heart. 

Figure 3 shows a partial section view of the distal end portion 20 of the coaxial 

30 catheter 18. The catheter 18 consists of an outer tube 22 and an inner tube 24. The outer 
tube 22 can be continuous to the end of the catheter 18, or it can have an extension 23, 
which should be considered for all practical purposes an integral part of the outer tube 22. 
The outer tube 22 is made according to known methods from a wire-braided polymer, 
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such as a polyamide-ether copolymer. The inner tube 24 is made from a wire-braided 
polyimide having a pressure capability sufficient for the maximum high pressure 
anticipated for the particular application. The inner tube 24 is connected by means of an 
inlet fitting 26 to the proximal end of a micro-miniature heat exchanger 28. Mounted to 

5 the distal end of the heat exchanger 28 is a Joule-Thomson expansion element 30. The 
distal end of the expansion element 30 is exposed to a cavity 31 at the distal end of the 
outer tube 22 or extension 23, closed by a heat transfer element 32. The expanded gas 
mixture cools the inner surface 66 of the heat transfer element 32, thereby cooling the 
outer surface 68. The outer surface 68 is placed against the object to be cooled by the 

10 physician. 

More specifically, the distal end of the inner high pressure tube 24 is connected by 
means of the inlet fitting 26 to the high pressure inlet port 34 at the proximal end of the 
heat exchanger 28. This high pressure inlet port 34 leads to a high pressure supply 
passageway 36 through the heat exchanger, shown as the central axial portion of the heat 

15 exchanger 28 in this embodiment. The heat exchanger 28 also has a low pressure inlet 
port 38 at its distal end exposed to the cavity 3 1 . This low pressure inlet port 38 leads to a 
low pressure return passageway 40, shown as the outer annular portion of the heat 
exchanger, surrounding the high pressure passageway 36. The low pressure, low 
temperature gas mixture flowing through the low pressure passageway pre-cools the high 

20 pressure, higher temperature gas mixture flowing through the high pressure passageway. 

The heat exchanger 28 is constructed of alternately stacked copper plates 42 and 
stainless steel spacers 44, diffusion bonded together. The heat exchanger 28 is shown, for 
the sake of simplicity in this figure, as having an outer skin over the plates 42 and spacers 
44, but in actuality, the skin is optimally provided by an outer ring 45 on each spacer 44 

25 being bonded to the extreme outer annular portion of each plate 42, as will be made more 
clear below. The central portion of each plate 42 has a plurality of holes 46 therethrough, 
which along with central openings in the spacers 44 establish the high pressure 
passageway 36 longitudinally through the heat exchanger 28 in the distal direction. 
Similarly, the outer portion of each plate 42 has a plurality of holes 48 therethrough, 

30 which along with outer openings in the spacers 44 establish the low pressure passageway 
40 longitudinally through the heat exchanger 28 in the proximal direction. The high 
pressure passageway 36 is separated from the low pressure passageway 40 by an inner 
ring 47 on each spacer 44. Both the plate 42 and the spacer 44 can be provided with 

13 
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through channels to create an integral vacuum jacket, as will be explained below, to 
maximize the heat exchanger performance. 

High pressure gas mixture passing through the heat exchanger 28 exits the high 
pressure passageway at a high pressure outlet port 50 at the central distal portion of the 

5 heat exchanger to enter the inlet 52 of the Joule-Thomson isenthalpic expansion element 
30. This expansion element 30 has a first stage 54 of a first diameter, in which isenthalpic 
expansion to a second larger diameter takes place, lowering the temperature of the gas 
mixture to the design temperature. The gas mixture then passes through the second stage 
56 in which isothermal expansion takes place, leaving the gas mixture still at the desired 

10 temperature, but absorbing heat from the surrounding structure in the process. The first 
stage 54 is constructed by filling a metal cylinder 58 with a selected size of metal beads, 
at a selected packing density, to achieve the desired rate of expansion of the gas. The 
beads are sintered in place in the cylinder 58. Similarly, the second stage 56 is 
constructed by filling a second metal cylinder 60 with a selected size of metal beads, at a 

15 selected packing density, to achieve the desired rate of expansion of the gas. Typically, 
the beads in the second stage 56 will have a larger surface area to enhance heat transfer. 
Alternatively, rather than a sintered bead expansion element, an expansion orifice could 
be used as the expansion element. Reference to the sintered bead expansion element 
hereinafter is understood to include reference to an expansion orifice. 

20 The expanded gas mixture which passes through the heat exchanger 28 in the 

proximal direction exits the annular low pressure passageway 40 at a low pressure outlet 
port 62 at the proximal end of the heat exchanger 28. This expanded gas mixture enters 
the inner lumen 64 of the outer tube 22, surrounding the inner tube 24, to be returned to 
the compressor 12. 

25 Figures 4 and 5 more clearly illustrate the structure of the plates 42 and their 

angular orientation within one embodiment of the heat exchanger 28. Each plate 42 has a 
first plurality of high pressure holes 46 through its central portion, and a second plurality 
of low pressure holes 48 through its outer annular portion. Typically, the diameter and 
spacing of the inner holes 46 are smaller than the diameter and spacing of the outer holes 

30 48. Selection of hole diameter and spacing for the two different passageways is designed 
for an optimization of minimum pressure drop and maximum heat transfer rate at the two 
different pressures, according to well known design principles. 
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Figures 4 and 5 are also intended to show the relative angular orientation between 
adjacent plates 42. It can be seen that the two figures actually depict the same plate 
configuration, with the plate 42 in Figure 5 simply being rotated relative to the plate 42 in 
Figure 4. The hole pattern used in the plate 42 can be varied, with the objective being to 

5 maximize the heat exchange contact between the gas mixture and the plate 42. Gas does 
not flow from the high pressure portion of the plate to the low pressure portion, being 
prevented by contact between the plate 42 and the inner ring 47 of the interdisposed 
spacer 44, as shown earlier in Figure 3. The relative angular orientation between adjacent 
plates 42 can also be varied according to the chosen hole pattern, with the objective being 

10 to maximize turbulence of the gas mixture, to promote heat transfer. 

It can be clearly seen from Figures 3, 4, and 5 that gas flowing through the heat 
exchanger 28 in either of the passageways 36, 40 follows a somewhat tortuous path, with 
a substantial portion of the flow path being involved in movement transverse to the axis 
of the heat exchanger 28. In the embodiment shown, the transverse component of the 

15 flow results from the relative angular orientation between adjacent plates 42. This 
tortuous path promotes efficient heat transfer, allowing the micro-miniature heat 
exchanger 28 to achieve the required temperature drop to enable the desired isenthalpic 
expansion through the Joule-Thomson flow restriction expansion element 30, ultimately 
producing the designed cooling temperature. Heat flow in this embodiment tends to be 

20 substantially radial. 

Figure 6 shows one embodiment of the spacer 44, which is interspersed between 
the plates 42. The spacer 44 has an outer ring 45 and an inner ring 47 supported in the 
desired concentric relationship by spokes 70. An inner opening 72 within the inner ring 
47 serves as a portion of the high pressure passageway 36 between plates 42. A plurality 

25 of outer openings 74 between the inner ring 47 and the outer ring 45 serve as a portion of 
the low pressure passageway 40 between plates 42. The inner ring 47 serves as a divider 
between the high and low pressure openings 72, 74. 

Figure 7 shows a second embodiment of the spacer 44' which can be used with a 
second embodiment of plates 42' shown in Figures 8 and 9. The spacer 44' has an outer 

30 ring 45' and a high/low pressure divider 47. This divider 47' separates the high pressure 
opening 72' from the low pressure opening 74*. It can be seen that this spacer 44' can be 
turned over from the orientation shown in Figure 7, to reverse the orientation of the 
divider 47, for reasons that will become apparent below. Figure 8 shows a plate 42* 

15 
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having a relatively small rectangular high pressure hole 46' and a relatively large 
rectangular low pressure hole 48', with the long dimensions of the rectangular holes 46', 
48' being vertically aligned. Figure 9 shows the same type of plate 42', with the 
rectangular holes 46', 48' being arranged horizontally. These two hole patterns and the 

5 two spacer orientation possible with the spacer 44' are used to create a series of adjacent 
plates 42' and spacers 44' as shown in Figure 10. 

Figure 10 shows this series arranged from left to right as they would be arranged 
from the proximal end of the heat exchanger toward the low pressure end, in successive 
series. The HP arrows show the flow path of the high pressure gas mixture into the plane 

10 of the page, while the LP arrows show the path of the low pressure gas mixture out of the 
plane of the page. Figure 1 1 further illustrates this flow path, by showing a vertical 
section through the stacked plates 42' and spacers 44'. Dashed lines are used to show the 
locations of hidden high and low pressure holes. Here again, it can be seen that the gas 
mixture follows a tortuous path through both the high pressure and low pressure 

15 passageways 36, 40, but in this embodiment, the transverse components of the flow are 
much more pronounced than in the first embodiment, and the heat flow tends to be more 
axial than radial. 

Figures 12 and 13 show yet another embodiment of the heat exchanger of the 
present invention, constructed of rolled sheets, rather than stacked plates and spacers. 

20 The inner tube 24 of the catheter 18 is shown connected to a labyrinthian high pressure 
passageway 36' etched into a first sheet 76. A constriction is also etched into the outlet of 
the high pressure passageway 36', to form a Joule-Thomson expansion element 30'. A 
second sheet 80 has a low pressure passageway 40' etched therein, with an inlet 38' and an 
outlet 62'. Positioned in between the first sheet 76 and the second sheet 80 are spacer 

25 sheets 78 to separate the high pressure and low pressure passageways 36\ 40'. The sheets 
76, 78, 80 can be laminated in the orientation shown and diffusion bonded together, or 
joined by some other suitable process. The assembly is then rolled as shown in Figure 13, 
to construct a cylindrical heat exchanger 28'. 

Figures 14 and 15 show a second embodiment of the distal end portion of the 

30 catheter 18', having a slender elongated heat transfer element 32'. This embodiment 
illustrates that the end portion of the catheter can have a fluid tube 27 affixed to the 
expansion element 30, a fluid chamber 29, and insulation 25 between the fluid chamber 
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29 and the extension tube 23. This construction insures that the cooling power is applied 
primarily through the heat transfer element 32\ 

Figures 16 and 17 show heat exchanger plates 142, 142' which can be used in a 
third embodiment of the heat exchanger of the present invention. They are formed from a 

5 sheet 153 of material, such as a metal, which has a relatively high coefficient of heat 
transfer. As an example, the sheet 153 from which the plates 142, 142' are made can be 
an oxygen free copper sheet. As will be explained, the heat exchanger will be constructed 
by laminating alternating plates 142 and 142', separated by spacers. Each plate 142, 142' 
includes a plurality of indentations or cutouts 143, to form side grooves in the final 

10 assembly. This allows instrumentation wires to be carried to the tip of the catheter, were 
they can monitor temperature or electrical conduction of the heart. 

Each plate 142, 142' includes a centrally located pattern of high pressure holes 
146, which form a high pressure gas passageway, and an annular pattern of low pressure 
holes 148, which form a low pressure gas passageway. Each plate 142, 142' also has a 

1 5 substantially annular channel 282 formed therethrough, to form a vacuum jacket as will be 
explained below. As shown, the annular channel 282 may be formed as two or more 
substantially annular channel segments to clear the cutouts 143. When first formed from 
the sheet 153, the plate 142, 142' is supported from the sheet 153 by a plurality of 
elongate struts 149. A plurality of open voids 151 surround each plate 142, 142', between 

20 the plate 142, 142' and the remainder of the sheet 153. It can be seen that the central 
pattern of high pressure holes 146 in plate 142' is oriented at a 30° angle relative to the 
central pattern of high pressure holes 146 in plate 142. This insures that each high 
pressure hole 146 in plate 142 is not substantially aligned with a high pressure hole 146 in 
the adjacent plate 142'. Similarly, the annular pattern of low pressure holes 148 in plate 

25 142' is oriented at a 30° angle relative to the annular pattern of low pressure holes 148 in 
plate 142. This relative angular orientation can vary, but it must be sufficient to cause 
turbulent flow, rather than laminar flow, as gas flows from plate 142 to the adjacent plate 
142', or vice versa. This turbulent gas flow promotes heat transfer from the high pressure 
gas to the plate 142, 142' in the central region, and it promotes heat transfer from the plate 

30 142, 142' to the low pressure gas in the annular region around the central region. This is 
also important because the fluid mixtures used in the system are sometimes part liquid, 
and better heat transfer occurs as the liquid splashes on the copper surface, rather than 
passing straight through the holes. 
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Figure 18 shows a spacer 176 suitable for use with the plate 142, 142' shown in 
Figures 16 and 17. The outer periphery of the spacer 176 is formed by a double outer ring 
145, with the two limbs of the outer ring 145 being separated by a substantially annular 
channel 282. In addition to the outer ring 145, the spacer 176 is partitioned by a ring- 

5 shaped partition 147. The ring partition 147 encloses a high pressure chamber 180 
designed to encompass the high pressure holes 146 in adjacent plates 142, 142'. Between 
the ring partition 147 and the outer ring 145 are a plurality of low pressure chambers 182. 
The low pressure chambers 182 are designed to generally encompass the low pressure 
holes 148 in the adjacent plates 142, 142'. The ring partition 147 has a width 184 

10 sufficient to seal the high pressure chamber 180 from the low pressure chambers 182. It 
can be seen that, after assembly and lamination of the heat exchanger, with spacers 176 
between adjacent plates 142, 142\ the ring partitions 147 isolate the high pressure 
chambers 180 from the low pressure chambers 182, to create a high pressure passageway 
and a low pressure passageway through the heat exchanger. The high pressure 

15 passageway is substantially along the longitudinal axis of the heat exchanger, while the 
low pressure passageway is substantially coaxial with the high pressure passageway. 
Therefore, both high pressure and low pressure gas flows substantially axially through the 
heat exchanger, and heat transfer is substantially transverse to the axis, in this case being 
outwardly radial from the high pressure passageway to the low pressure passageway. 

20 Other arrangements of the passageways could be used which would result in transverse 
heat flow that would not be radial, without departing from the spirit of the invention. It 
also can be seen that, after assembly and lamination of the heat exchanger, with spacers 
176 between adjacent plates 142, 142', the annular channels 282 in the plates and spacers 
align to create an integral, substantially annular, vacuum jacket around the periphery of 

25 the heat exchanger. The vacuum jacket is substantially coaxial with the longitudinal axis 
of the heat exchanger. Since, in this configuration, the high pressure passageway is along 
the axis, and the low pressure passageway is coaxial with the high pressure passageway, 
in an annular region, the spacer 176 can also function as a manifold to connect the high 
pressure gas flow to a central inlet port or outlet orifice, at the ends of the heat exchanger, 

30 and to connect the low pressure gas flow to an annular inlet or outlet port, as will be 
discussed below. 

Every spacer or manifold used in the heat exchanger will have a common or 
standard outer profile. The outer profile is supported and separated from the sheet 155 

18 
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from which the spacers and manifolds are made by a plurality of struts 149. The spacers 
and manifolds are formed from a sheet 1 55 of material, such as a metal, which can have a 
relatively lower coefficient of heat transfer than the material from which the plates 142, 
142' are made. As an example, the sheet 155 from which the spacers and manifolds are 

5 made can be stainless steel. The use of a relatively harder material for the spacers and 
manifolds promotes the durability of the heat exchanger. The outer diameter of the 
standard outer profile of the spacers 176 matches the outer diameter of the plates 142, 
142'. The standard outer profile has a plurality of indentations 165 which align with the 
indentations 143 of the plates 142, 142'. The centers of curvature of the indentations 165 

10 align with the corresponding centers of curvature of the indentations 143 in the plates 142, 
142', to insure alignment of all the plates, spacers, and manifolds when the heat 
exchanger is assembled. 

As shown in Figure 19, the strut 149 used to support and locate the plate 142, 142' 
within the copper sheet 153, and to support and locate the spacer or manifold within the 

15 stainless steel sheet 155 has a major width 170 which is sufficient to provide the 
necessary support and positioning. In addition, the strut 149 has a reduced width 172 at 
each end, to facilitate breaking of the plate, spacer, or manifold from its sheet, after 
lamination of the sheets has been accomplished. Further, a sharp corner 174 is provided 
where the strut 149 joins the sheet 153, 155, to increase the ease of removal of the strut 

20 149 from the sheet and the plate, spacer, or manifold. 

Figure 20 shows an end cap 159 suitable for use with the plates 142, 142' shown 
in Figures 16 and 17, and with the spacer 176 shown in Figure 18. The outer periphery of 
the end cap 159 is formed by a single outer ring 144. The single outer ring 144 has a 
width equal to the overall width of the double outer ring 145 of the spacer 176. In addition 

25 to the single outer ring 144, which exhibits the standard outer profile discussed above, the 
end cap 159 is partitioned by a ring-shaped partition 147 identical to the ring shaped 
partition 147 of the spacer 176. The ring partition 147 encloses a high pressure chamber 
180. Between the ring partition 147 and the outer ring 144 are a plurality of low pressure 
chambers 182. It can be seen that, after assembly and lamination of the heat exchanger, 

30 with spacers 1 76 between adjacent plates 142, 142', and with an end cap 1 59 on each end, 
the vacuum jacket formed integrally in the wall of the heat exchanger by the alignment of 
the annular channels 282 is capped at each end. 
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Figures 21 and 22 show a fourth configuration of heat exchanger plates 186, 186' 
which can result in more efficient heat transfer than the third configuration shown in 
Figures 16 and 17. Each plate 186, 186' includes a centrally located pattern of low 
pressure holes 148, along with an annular pattern of low pressure holes 148, to form a 

5 coaxial low pressure gas passageway. Each plate 186, 186' also includes an annular 
pattern of high pressure holes 146, to form a high pressure gas passageway. These high 
pressure holes are arranged in three groups, coaxial with and sandwiched between the 
central pattern and the annular pattern of low pressure holes 148. The high pressure 
passageway in this configuration is substantially coaxial with the longitudinal axis of the 

10 heat exchanger, while the low pressure passageway has a central region along the axis, 
and an outer annular region which is substantially coaxial with the high pressure 
passageway. Therefore, both high pressure and low pressure gas flows substantially 
axially through the heat exchanger, and heat transfer is substantially transverse to the axis, 
in this case being both inwardly and outwardly radial from the high pressure passageway 

15 to the two regions of the low pressure passageway. When first formed from the sheet 153, 
the plate 186, 186' is supported from the sheet 153 by a plurality of elongate struts 149. 
A plurality of open voids 151 surround each plate 186, 186', between the plate 186, 186' 
and the remainder of the sheet 153. 

It can be seen that the three groups of high pressure holes 146 in plate 186' 

20 generally align with the three groups of high pressure holes 146 in plate 186. . However, 
each of the three groups on plate 186' is shaped differently from its corresponding group 
on adjacent plate 186, to cause a substantial misalignment of the individual holes, 
promoting turbulent high pressure gas flow. Similarly, the central pattern of low pressure 
holes 148 in plate 186' generally aligns with the central pattern of low pressure holes 148 

25 in plate 186. However, the central pattern on plate 186' is shaped differently from the 
central pattern on adjacent plate 1 86, to cause a substantial misalignment of the individual 
holes, promoting turbulent low pressure flow. On the other hand, the outer annular pattern 
of low pressure holes 148 in plate 186' is oriented at a 30° angle relative to the outer 
annular pattern of low pressure holes 148 in plate 186. This insures that each low 

30 pressure hole 148 in the outer annular pattern in plate 186 is not substantially aligned with 
a low pressure hole 148 in the adjacent plate 186'. This relative angular orientation of the 
outer annular patterns can vary, but it must be sufficient to cause turbulent flow, rather 
than laminar flow, as low pressure gas flows from plate 186 to the adjacent plate 186', or 
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vice versa. This turbulent high pressure gas flow promotes heat transfer from the high 
pressure gas to the plate 186, 186' in the sandwiched annular region, and the turbulent 
low pressure gas flow promotes heat transfer from the plate 186, 186' to the low pressure 
gas in the central region and in the outer annular region. 

5 While annular channels 282 are not shown in the plates of Figures 21 and 22, as 

they are in the plates of Figures 16 and 17, it should be understood that these and all other 
embodiments of the plates disclosed herein could incorporate annular channels 282 as 
well, to form a heat exchanger having an integral vacuum jacket. Where the annular 
channels 282 are incorporated in the plates and spacers, an end cap similar to the end cap 

10 159 shown in Figure 20 having a single, wide, outer ring would be used on each end of 
the heat exchanger, to enclose the integral vacuum jacket. 

As differentiated from the configuration of plates shown in Figures 16 and 17, the 
configuration shown in Figure 21 and 22 requires a special end plate to facilitate 
connection to the two ends of the heat exchanger. Figure 23 shows such an end plate 188. 

15 In the end plate 188, the central pattern of low pressure holes has been eliminated, while 
the annular pattern of high pressure holes 146 and the outer annular pattern of low 
pressure holes 148 remain essentially the same as seen in plate 186, shown in Figure 21. 
Elimination of the central pattern of low pressure holes from the end plate 188 facilitates 
the manifolding of the high pressure gas flow to a central inlet port or outlet orifice, and 

20 the manifolding of the low pressure gas flow to an annular inlet or outlet port, as will be 
discussed below. 

Figure 24 shows a spacer 190 suitable for use with the plate 186, 186' shown in 
Figures 21 and 22. In addition to an outer ring 192, which exhibits the standard outer 
profile discussed above, the spacer 190 is partitioned by three annular partitions 194. The 

25 annular partitions 194 enclose three high pressure chambers 196 designed to encompass 
the high pressure holes 146 arranged in three annular groups in adjacent plates 186, 186'. 
Between the annular partitions 194 and the outer ring 192 are a plurality of low pressure 
chambers 198. The low pressure chambers 198 are designed to generally encompass the 
low pressure holes 148 arranged in a central pattern and an outer annular pattern in the 

30 adjacent plates 186, 186'. The annular partitions 194 have a width sufficient to seal the 
high pressure chambers 196 from the low pressure chambers 198. It can be seen that, 
after assembly and lamination of the heat exchanger, with spacers 190 between adjacent 
plates 186, 186', the annular partitions 194 isolate the high pressure chambers 196 from 
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the low pressure chambers 198, to create a high pressure passageway and a low pressure 
passageway through the heat exchanger. As mentioned above, the high pressure 
passageway in this configuration is substantially coaxial with the longitudinal axis of the 
heat exchanger, while the low pressure passageway has a central region along the axis, 

5 and an outer annular region which is outside, and substantially coaxial with, the high 
pressure passageway. Therefore, both high pressure and low pressure gas flows 
substantially axially through the heat exchanger, and heat transfer is substantially 
transverse to the axis, in this case being both inwardly and outwardly radial from the high 
pressure passageway to the two regions of the low pressure passageway. 

10 While annular channels 282 are not shown in the spacer of Figure 24, as they are 

in the spacer of Figure 18, it should be understood that this and all other embodiments of 
the spacers disclosed herein could incorporate annular channels 282 as well, to form a 
heat exchanger having an integral vacuum jacket. Where the annular channels 282 are 
incorporated in the plates and spacers, an end cap similar to the end cap 159 shown in 

15 Figure 20 having a single, wide, outer ring would be used on each end of the heat 
exchanger, to enclose the integral vacuum jacket. 

Figure 25 shows a manifold 200 suitable for use with the plate 186, 186* shown in 
Figures 21 and 22, and with the end plate shown in Figure 23. In addition to an outer ring 
202, which exhibits the standard outer profile, the manifold 200 is partitioned by an 

20 irregular ring-shaped partition 204. The ring partition 204 encloses a high pressure 
chamber 206 designed to encompass the high pressure holes 146, in end plates 188. By 
virtue of indentations 210, the ring partition 204 also excludes the low pressure holes 148 
in end plates 188. Between the ring partition 204 and the outer ring 202 are a plurality of 
low pressure chambers 208. The low pressure chambers 208 are designed to generally 

25 encompass the low pressure holes 148 in the end plates 188. The ring partition 204 has a 
width sufficient to seal the high pressure chamber 206 from the low pressure chambers 
208. It can be seen that, after assembly and lamination of the heat exchanger, with 
spacers 190 between adjacent plates 186, 186\ with end plates 188 on each end, and with 
manifolds 200 outside the end plates 188, the ring partitions 204 manifold the high 

30 pressure passageway to a central location and manifold the low pressure passageway to an 
outer annular location. This allows connection of the high pressure gas flow to a central 
inlet port or outlet orifice, at the ends of the heat exchanger, and to connect the low 
pressure gas flow to an annular inlet or outlet port, as will be discussed below. 
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Figures 26 and 27 show a fifth configuration of heat exchanger plates 212, 212'. 
Each plate 212, 212' includes a centrally located pattern of low pressure holes 148, along 
with an annular pattern of low pressure holes 148, to form a coaxial low pressure gas 
passageway. Each plate 212, 212' also includes a pattern of high pressure holes 146, to 

5 form a high pressure gas passageway. These high pressure holes 146 are arranged in three 
round groups, coaxial with and sandwiched between the central pattern and the annular 
pattern of low pressure holes 148. The high pressure passageway in this configuration is 
in three regions that are substantially parallel with the longitudinal axis of the heat 
exchanger, while the low pressure passageway has a central region along the axis, and an 

10 outer annular region which is substantially coaxial with the high pressure passageway. 
Therefore, both high pressure and low pressure gas flows substantially axially through the 
heat exchanger, and heat transfer is substantially transverse to the axis, in this case being 
both inwardly and outwardly radial from the three regions of the high pressure 
passageway to the two regions of the low pressure passageway. When first formed from 

15 the sheet 153, the plate 212, 212' is supported from the sheet 153 by a plurality of 
elongate struts 149. A plurality of open voids 151 surround each plate 212, 212', between 
the plate 212, 212' and the remainder of the sheet 153. 

It can be seen that the three groups of high pressure holes 146 in plate 212' 
generally align with the three groups of high pressure holes 146 in plate 212. . However, 

20 each of the three groups on plate 212' is oriented at a 30° angle relative to its 
corresponding group of high pressure holes 146 in plate 212. This insures that each high 
pressure hole 146 in the three groups in plate 212 is not substantially aligned with a high 
pressure hole 146 in the adjacent plate 212'. This relative angular orientation of each of 
the three groups can vary, but it must be sufficient to cause turbulent flow, rather than 

25 laminar flow, as high pressure gas flows from plate 212 to the adjacent plate 212', or vice 
versa. Similarly, the outer annular pattern of low pressure holes 148 in plate 212' is 
oriented at a 30° angle relative to the outer annular pattern of low pressure holes 148 in 
plate 212. This insures that each low pressure hole 148 in the outer annular pattern in 
plate 212 is not substantially aligned with a low pressure hole 148 in the adjacent plate 

30 212'. This relative angular orientation of the outer annular patterns can vary, but it must 
be sufficient to cause turbulent flow, rather than laminar flow, as low pressure gas flows 
from plate 212 to the adjacent plate 212', or vice versa. On the other hand, the central 
pattern of low pressure holes 148 in plate 212' generally aligns with the central pattern of 
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low pressure holes 148 in plate 212. However, the central pattern on plate 212' is shaped 
differently from the central pattern on adjacent plate 212, to cause a substantial 
misalignment of the individual holes, promoting turbulent low pressure flow. This 
turbulent high pressure gas flow promotes heat transfer from the high pressure gas to the 

5 plate 212, 212' around the three high pressure groups, and the turbulent low pressure gas 
flow promotes heat transfer from the plate 212, 212' to the low pressure gas in the central 
region and in the outer annular region. 

Similarly to the configuration of plates shown in Figures 21 and 22, the 
configuration shown in Figures 26 and 27 requires a special end plate to facilitate 

10 connection to the two ends of the heat exchanger. Figure 28 shows such an end plate 214. 
In the end plate 214, the central pattern of low pressure holes has been eliminated, while 
the pattern of high pressure holes 146 and the outer annular pattern of low pressure holes 
148 remain essentially the same as seen in plate 212, shown in Figure 26. Elimination of 
the central pattern of low pressure holes from the end plate 214 facilitates the manifolding 

15 of the high pressure gas flow to a central inlet port or outlet orifice, and the manifolding 
of the low pressure gas flow to an annular inlet or outlet port, as will be discussed below. 

Figure 29 shows a spacer 216 suitable for use with the plate 212, 212' shown in 
Figures 26 and 27. In addition to an outer ring 218, which is essentially the standard outer 
profile 159, the spacer 216 is partitioned by three circular partitions 220. The circular 

20 partitions 220 enclose three high pressure chambers 222 designed to encompass the high 
pressure holes 146 arranged in the three round groups in adjacent plates 212, 212\ 
Between the circular partitions 220 and the outer ring 218 are a plurality of low pressure 
chambers 224. The low pressure chambers 224 are designed to generally encompass the 
low pressure holes 148 arranged in a central pattern and an outer annular pattern in the 

25 adjacent plates 212, 212'. The circular partitions 220 have a width sufficient to seal the 
high pressure chambers 222 from the low pressure chambers 224. It can be seen that, 
after assembly and lamination of the heat exchanger, with spacers 216 between adjacent 
plates 212 212', the circular partitions 220 isolate the high pressure chambers 222 from 
the low pressure chambers 224, to create a high pressure passageway and a low pressure 

30 passageway through the heat exchanger. As mentioned above, the high pressure 
passageway in this configuration is in three regions that are substantially parallel with the 
longitudinal axis of the heat exchanger, while the low pressure passageway has a central 
region along the axis, and an outer annular region which is substantially coaxial with the 
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high pressure passageway. Therefore, both high pressure and low pressure gas flows 
substantially axially through the heat exchanger, and heat transfer is substantially 
transverse to the axis, in this case being both inwardly and outwardly radial from the three 
regions of the high pressure passageway to the two regions of the low pressure 
5 passageway. 

Figure 30 shows a manifold 226 suitable for use with the plate 212, 2 12' shown in 
Figures 26 and 27, and with the end plate 214 shown in Figure 28. In addition to an outer 
ring 228, which exhibits the standard outer profile, the manifold 226 is partitioned by an 
irregular shaped partition 230. The partition 230 encloses a high pressure chamber 232 

10 designed to encompass the high pressure holes 146, and exclude the low pressure holes 
148, in end plates 214. Between the partition 230 and the outer ring 228 are a plurality of 
low pressure chambers 234. The low pressure chambers 234 are designed to generally 
encompass the low pressure holes 148 in the end plates 214. The partition 230 has a width 
sufficient to seal the high pressure chamber 232 from the low pressure chambers 234. It 

15 can be seen that, after assembly and lamination of the heat exchanger, with spacers 216 
between adjacent plates 212, 212', with end plates 214 on each end, and with manifolds 
226 outside the end plates 214, the partitions 230 manifold the high pressure passageway 
to a central location and manifold the low pressure passageway to an outer annular 
location. This allows connection of the high pressure gas flow to a central inlet port or 

20 outlet orifice, at the ends of the heat exchanger, and to connect the low pressure gas flow 
to an annular inlet or outlet port, as will be discussed below. 

Figures 31 and 32 show a sixth configuration of heat exchanger plates 236, 236\ 
which work in a way somewhat similar to the configuration shown in Figure 8 and 9. 
Each plate 236, 236' includes a substantially triangular pattern of high pressure holes 146 

25 to form a high pressure gas passageway. Each plate 236, 236' also includes a substantially 
triangular pattern of low pressure holes 148, to form a low pressure gas passageway. The 
patterns of high and low pressure holes are located in different halves of the plate 236, 
236'. When first formed from the sheet 153, the plate 236, 236' is supported from the 
sheet 153 by a plurality of elongate struts 149. A plurality of open voids 151 surround 

30 each plate 236, 236', between the plate 236, 236' and the remainder of the sheet 153. 

It can be seen that the pattern of high pressure holes 146 in plate 236' is generally 
rotated 90° from the pattern of high pressure holes 146 in plate 236, with the high 
pressure holes 146 being on the left as seen in Figure 31, and at the bottom as seen in 
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Figure 32. Furthermore, two additional similar plates are used, with one being identical 
to the plate 236, except having the triangular pattern of high pressure holes 146 at the 
right, and one being identical to the plate 236', except having the triangular pattern of 
high pressure holes 146 at the top. Four such plates are laminated adjacently in the final 

5 assembly, to cause the high pressure passageway to flow essentially transversely to the 
axis of the heat exchanger, with flow being in a flat spiral, in this case. This insures that 
each high pressure hole 146 in the triangular pattern in plate 236 is not aligned with a high 
pressure hole 146 in the adjacent plate 236*. This relative angular orientation of each of 
the high pressure patterns on adjacent plates can vary, but it must be sufficient to cause 

10 transverse turbulent flow, rather than laminar flow, as high pressure gas flows from plate 
236 to the adjacent plate 236', or vice versa. 

Similarly, it can be seen that the pattern of low pressure holes 148 in plate 236' is 
generally rotated 90° from the pattern of low pressure holes 148 in plate 236, with the low 
pressure holes 148 being on the right as seen in Figure 3 1, and at the top as seen in Figure 

15 32. Furthermore, in the aforementioned two additional similar plates which are used, one 
is identical to the plate 236, except that it has the triangular pattern of low pressure holes 
148 at the left, and one is identical to the plate 236', except that it has the triangular 
pattern of low pressure holes 148 at the bottom. As a result, the low pressure passageway 
also flows essentially transversely to the axis of the heat exchanger, with flow again being 

20 in a flat spiral.. This insures that each low pressure hole 148 in plate 236 is not aligned 
with a low pressure hole 148 in the adjacent plate 236'. This relative angular orientation 
of the low pressure patterns on adjacent plates can vary, but it must be sufficient to cause 
transverse turbulent flow, rather than laminar flow, as low pressure gas flows from plate 
236 to the adjacent plate 236', or vice versa. 

25 The transverse, turbulent high pressure gas flow promotes heat transfer from the 

high pressure gas to the aligned blank quadrant of the adjacent plate 236, 236', which has 
low pressure gas on its other side, and the transverse, turbulent low pressure gas flow 
promotes heat transfer from the blank quadrant of the plate 236, 236' to the low pressure 
gas on the other side. 

30 Figures 33 and 34 show a spacer 238, 238' suitable for use with the plate 236, 

236' shown in Figures 31 and 32, along with the two aforementioned additional similar 
plates, to direct the gas flow in the aforementioned high pressure and low pressure spiral 
patterns. In addition to an outer ring 240, which exhibits the standard outer profile, the 
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spacer 238, 238 ? is partitioned by a substantially straight partition 242, 242\ The 
partition 242, 242' divides a high pressure chamber 244 from a low pressure chamber 
246. The spacer 238 is laminated between the plate 236 and the plate 236', and the spacer 
238' is laminated between the plate 236' and the first additional plate, which is identical 
5 to the plate 236. Finally, another spacer 238 is laminated between the first additional 
plate and the second additional plate, which is identical to the plate 236'. 

The high pressure chamber 244 of spacer 238 encompasses the high pressure 
pattern of plate 236 and directs high pressure gas flow counterclockwise as seen in the 
Figures. Similarly, the low pressure chamber 246 of spacer 238 encompasses the low 
10 pressure pattern of plate 236 and directs low pressure gas flow counterclockwise as seen 
in the Figures. Further, the high pressure chamber 244 of spacer 238' encompasses the 
high pressure pattern of plate 236' and directs high pressure gas flow counterclockwise as 
seen in the Figures. Similarly, the low pressure chamber 246 of spacer 238' encompasses 
the low pressure pattern of plate 236' and directs low pressure gas flow counterclockwise 
1 5 as seen in the Figures. 

It can be seen that repetition of this series of plates and spacers during assembly 
and lamination of the heat exchanger, the rotating orientation of the partitions 242, 242' 
results in flow of the high pressure gas through a spiraling series of high pressure 
chambers 244, to create a spiraling high pressure passageway through the heat exchanger. 
20 Similarly, the rotating orientation of the partitions 242, 242' results in flow of the low 
pressure gas through a spiraling series of low pressure chambers 246, to create a spiraling 
low pressure passageway through the heat exchanger. Therefore, both high pressure and 
low pressure gas flows substantially transversely, in a spiraling pattern, through the heat 
exchanger, and heat transfer is substantially parallel to the axis, through the blank 
25 quadrants of the adjacent plates 236, 236' . 

Similarly to several of the other configurations mentioned above, the configuration 
shown in Figures 31 and 32 requires a special end plate to facilitate connection to the two 
ends of the heat exchanger. Figure 35 shows such an end plate 248. In the end plate 248, 
the central portion of the triangular pattern of low pressure holes has been eliminated, to 
30 convert it to a partial annular pattern, while the triangular pattern of high pressure holes 
146 remains essentially the same as seen in plate 236, 236', shown in Figures 31 and 32. 
Elimination of the central portion of the triangular pattern of low pressure holes 148 from 
the end plate 248 facilitates the manifolding of the high pressure gas flow to a central inlet 
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port or outlet orifice, and the manifolding of the low pressure gas flow to an annular inlet 
or outlet port, as will be discussed below. 

Figure 36 shows a manifold 250 suitable for use with the plate 236, 236' shown in 
Figures 31 and 32, and with the end plate 248 shown in Figure 35. In addition to an outer 

5 ring 252, which is essentially the standard outer profile 159, the manifold 250 is 
partitioned by a semi-circular partition 254. The partition 254 establishes a high pressure 
chamber 256 designed to encompass the high pressure holes 146, and exclude the low 
pressure holes 148, in end plates 248. On the other side of the partition 254 is a low 
pressure chamber 258. The low pressure chamber 258 is designed to generally encompass 

10 the low pressure holes 148 in the end plates 248. It can be seen that, after assembly and 
lamination of the heat exchanger, with spacers 238, 238' between adjacent plates 236, 
236', with end plates 248 on each end, and with manifolds 250 outside the end plates 248, 
the partitions 254 manifold the high pressure passageway to a central location and 
manifold the low pressure passageway to an outer, partially annular location. This allows 

1 5 connection of the high pressure gas flow to a central inlet port or outlet orifice, at the ends 
of the heat exchanger, and to connect the low pressure gas flow to an annular inlet or 
outlet port, as will be discussed below. 

To further illustrate, Figure 37 shows spacer 176 superimposed upon plate 142 or 
142\ Figure 38 shows spacer 190 superimposed upon plate 186 or 186'. Figure 39 shows 

20 spacer 216 superimposed upon plate 212. Finally, Figure 40 shows spacer 238' 
superimposed upon plate 236', with an alternative style of high pressure hole. 

Figure 41 shows an orifice plate 260 suitable for use with the configurations of 
heat exchanger plates shown in Figures 4 and 5, 16 and 17, 21 and 22, or 26 and 27, in 
conjunction with the appropriate end plates and manifolds. A central opening 262 can 

25 serve as a Joule-Thomson orifice, with the appropriate diameter. Outer annular openings 
264 can serve as inlet low pressure ports, with appropriate outer diameters 266 and inner 
diameters 268. The outer diameter 270 of the orifice plate 260 aligns with the outer 
diameter of the heat exchanger plates, spacers, end plates, and manifolds. 

Figure 42 shows an orifice plate 272 suitable for use with the configurations of 

30 heat exchanger plates shown in Figures 8 and 9, or 31 and 32, in conjunction with the 
appropriate end plates and manifolds. A central opening 274 can serve as a Joule- 
Thomson orifice, with the appropriate diameter. Outer annular opening 276 can serve as 
an inlet low pressure port, with appropriate outer diameter 278 and inner diameter 280. 
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The outer diameter 284 of the orifice plate 272 aligns with the outer diameter of the heat 
exchanger plates, spacers, end plates, and manifolds. 

The heat exchanger according to the present invention is a non-planar, specifically 
cylindrical, micro-miniature heat exchanger. It is made by a photolithography and 

5 diffusion bonding process. This allows for the manufacture of the aforementioned 
multiple designs and intricate patterns which aid in heat exchange. In addition, multiple 
small heat exchangers can be etched and fabricated at once, providing large quantities of 
complete units. Further, components needed to connect the high and low pressure gas 
lines to the heat exchanger can be incorporated into this fabrication process, thereby 

10 simplifying construction and increasing precision. Precision construction of the 
connecting components is vital because of the small size of the heat exchanger, and 
because of the potential to cause blockage or create leak paths. Finally, the Joule- 
Thomson orifice, or impedance component, can be incorporated into this fabrication 
process, again simplifying construction and making it more precise. 

15 The heat exchanger is essentially a laminated unit of alternating copper plates and 

stainless steel spacers etched with the appropriate patterns. Etching is carried out by 
coating the sheets with a thin film of photo-resistive material. This can be applied to the 
sheets in liquid form, or in the form of a thin solid layer. Art work which incorporates the 
desired etching pattern is produced, using CAD software. The art work is used to drive a 

20 laser photo-tool which reproduces the pattern on the photo-resist coated sheets. This 
pattern can be produced as a negative image or a positive image. The laser light from the 
photo-tool combines with the photo-resist coating, and binds the coating to the metal 
sheets, protecting the coated areas from degradation by etching chemicals known in the 
art. The sheets are subsequently washed in the etching chemicals which dissolve the 

25 unprotected metal and leave the appropriate pattern. 

The two limiting factors in the performance of the heat exchanger are the surface area 
available for heat exchange and the pressure drop experienced as the fluid passes through 
the heat exchanger. The hole size, number of plates, and outer diameter all effect the 
pressure drop and surface area. It is important to minimize the pressure drop and 

30 maximize the surface area. Using smaller, more numerous holes increases the surface 
area, but it also increases the pressure drop. For each application, experimentation must 
be used to finally determine the optimal hole size and pressure drop to maximize cooling 
power. 
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Figure 43 shows a single sheet or layer 300, which will be laminated to other layers to 
create a laminated main assembly containing a plurality of laminated subassemblies, with 
each laminated subassembly constituting a single heat exchanger. After lamination and 
bonding, the subassemblies are separated from the main assembly. The layer 300 shown 

5 can represent a copper sheet 153 of heat exchange plates and end plates, or a stainless 
steel sheet 155 of spacers and manifolds. For example, to create a heat exchanger 
appropriate for transluminal ablation of cardiac tissue, heat exchange plates 302, or end 
plates, with 50 micron high pressure holes and 80 micron low pressure holes are etched 
into oxygen free copper sheets 153, as shown in Figure 43, with the sheet 153 being 0.002 

10 inches thick. Each plate 302 maintains its attachment to the sheet 153 via narrow struts 
149 extending from the edge of the plate to the sheet 153, as shown in Figure 16, for 
example. The struts 149 narrow at their point of attachment to the plate 302 and the sheet 
153, to allow easy breaking for removal from the sheet 153. Different hole sizes can be 
used to optimize the flow of different gas mixtures at different pressures. Hole size and 

1 5 sheet thickness can also be varied to optimize surface area. 

In a similar way, spacers, orifice plates, or manifolds 303, are etched onto stainless 
steel sheets 155. In the final assembly, the spacers 303 separate adjacent copper plates 302 
from each other. Similar to the plates 302, the spacers, orifice plates, and manifolds 303 
have struts 149 that attach them to the sheet 155. These struts 149 also narrow near the 

20 attachment to the spacer 303 or the sheet 155, for easy breakage removal from the sheet 
155. Again, a large number of copper plates 302 and spacers 303 can be made from a 
single sheet 153, 155. Various designs of plates 302 can be etched into a single copper 
sheet 153, or various designs of spacers, manifolds, end caps, or orifice plates 303 can be 
etched into a single stainless steel sheet 155. Solid lines 304, or dashed lines 306 

25 illustrate two ways in which the sheet 300 can be divided into segments having differing 
designs. 

In the aforementioned configurations in which the heat exchange occurs radially, 
some thermal resistance can be overcome by breaking up the high pressure passage and 
moving it out radially into closer proximity with the low pressure passage. This principle 
30 is illustrated in the configurations shown in Figures 21, 22, 26, and 27. Because the heat 
exchanger must be connected to separate high pressure and low pressure lines, a copper 
end plate and stainless steel manifold must be used at the inlet to some of the heat 
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exchangers. This prevents mixing of high pressure and low pressure gas upon entering 
and exiting the heat exchanger. 

After photo-etching, alternating sheets of stainless steel 155 and copper 153, for 
example 50 of each, are stacked on top of each other. The sheets 153, 155 are diffusion 

5 bonded together, to form a plurality of heat exchangers 0.5 cm to 1 .5 cm long, and 0.25 
mm in diameter. By alternating sheets of copper plates with sheets of stainless steel 
spacers, axial heat exchange is reduced while radial heat transfer is promoted. Where 
required as hereinbefore specified, sheets of copper end plates are positioned at each end 
of the assembly, with a sheet of stainless steel manifolds on the outside of each sheet of 

10 end plates. A sheet of orifice plates is added as the last sheet at one end of the assembly, 
leaving the sheet of manifolds as the last sheet at the opposite end. A connector for the 
high and low pressure gas lines can be made by stacking 25 to 50 stainless steel 
manifolds, with no intervening copper plates. 

The sheets 300 are stacked onto ceramic pins, with the ceramic pins aligning two or 

15 more sets of alignment holes 308, 310 in the sheets 300, to maintain the desired 
orientation of the sheets 300, and thereby maintaining precise alignment of each heat 
exchanger subassembly. The assembly of metal sheets 300 is sandwiched between 
ceramic plates, which are sandwiched between graphite blocks. The ceramic plates 
prevent bonding of the metal sheet 300 to the graphite blocks. The graphite blocks evenly 

20 distribute weight applied to the ends of the assembly during diffusion bonding. 

Diffusion bonding is carried out in a furnace heated to 925° to 1010° C. Once the 
sheets reach this temperature, it is maintained for between 30 minutes and 2 hours, 
according to practices known in the art. The plates optionally can be electroplated with an 
electroless nickel solution prior to assembly, to improve bonding. Weight is added to the 

25 top of the assembly during bonding, to create a pressure of 250 psi. to 1000 psi. 
Variations in temperature and weight can be used to optimize bonding, with lower 
temperatures requiring more weight, and higher temperatures requiring less weight. In 
addition, the construction can be vacuumed sealed in a canister and bonded using hot 
isostatic pressure techniques. Application of a vacuum to the stack also can evacuate the 

30 vacuum jacket formed by the annular channels 282, where present, to insure the optimum 
insulation of the heat exchanger. 

Finally, a cylindrical heat exchanger as shown in Figures 12 and 13 can be made 
by a different fabrication process. In this construction channels are formed by photo- 
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etching channels onto flat metal or plastic, and subsequently rolling the sheets into a 
cylindrical configuration. The heat exchanger would require 10 to 15 micron wide 
channels that are between 5 and 10 mm long and cover a total width of 20 to 40 mm. This 
would provide enough surface area to have gas flow rates of 2 to 4 liters/min, and meet 
5 the efficiency requirements. The restrictive orifice, or Joule-Thomson valve, could be 
photo-etched onto the foil at the end of the inflow tract. 

While the particular invention as herein shown and disclosed in detail is fully 
capable of obtaining the objects and providing the advantages hereinbefore stated, it is to 
10 be understood that this disclosure is merely illustrative of the presently preferred 
embodiments of the invention and that no limitations are intended other than as described 
in the appended claims. 
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CLAIMS 

We claim: 

1 1 . A microminiature heat exchanger for transferring heat from a high pressure 

2 gas stream to a low pressure gas stream within a cryogenic probe, said heat exchanger 

3 comprising: 

4 a laminated assembly of a plurality of plates of heat conductive material; 

5 a high pressure passageway through said laminated assembly, said high pressure 



6 passageway having an inlet port connectable to a cryogenic gas supply, 

7 said high pressure passageway having an outlet port connectable to an inlet 

8 of a gas expansion element; and 

9 a low pressure passageway through said laminated assembly, said low pressure 

10 passageway lying substantially alongside said high pressure passageway, 

1 1 said low pressure passageway having an inlet port connectable to an outlet 

12 of a gas expansion element, said low pressure passageway having an outlet 

13 port; 

14 wherein the direction of flow from said inlet port to said outlet port of said high 

15 pressure passageway is substantially opposite to the direction of flow from 

16 said inlet port to said outlet port of said low pressure passageway; and 

17 wherein each said passageway is arranged to create a tortuous flow path, to ensure 

1 8 turbulent flow of cryogenic gas therethrough. 

1 2. A microminiature heat exchanger as recited in claim 1 , wherein: 

2 said plurality of plates are laminated in a stack along a longitudinal axis to form an 

3 elongate laminated assembly; 

4 said high pressure passageway comprises a first plurality of holes through each 

5 said plate; and 

6 said low pressure passageway comprises a second plurality of holes through each 

7 said plate. 
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1 3 . A microminiature heat exchanger as recited in claim 2, wherein: 

2 said first plurality of holes in any one said plate are sufficiently transversely offset 

3 from said first plurality of holes in adjacent said plates to cause substantial 

4 portions of said high pressure passageway to be transverse to said 

5 longitudinal axis of said heat exchanger; 

6 said second plurality of holes in any one said plate are sufficiently transversely 

7 offset from said second plurality of holes in adjacent said plates to cause 

8 substantial portions of said low pressure passageway to be transverse to 

9 said longitudinal axis of said heat exchanger; and 

10 transfer of heat from said high pressure passageway to said low pressure 

1 1 * passageway is substantially parallel to said longitudinal axis. 

l 4. A microminiature heat exchanger as recited in claim 2, wherein said first 



2 plurality of holes and said second plurality of holes in adjacent plates are arranged so that 

3 each said passageway is substantially parallel to said longitudinal axis of said heat 

4 exchanger, and transfer of heat from said high pressure passageway to said low pressure 

5 passageway is substantially transverse to said longitudinal axis. 



1 5. A microminiature heat exchanger as recited in claim 2, further comprising 

2 a plurality of spacers laminated alternatingly between said plates to form a high pressure 

3 flow chamber and a low pressure flow chamber between each pair of adjacent said plates. 

1 6. A microminiature heat exchanger as recited in claim 5, wherein each said 

2 spacer includes a partition dividing said high pressure flow chamber from said low 

3 pressure flow chamber. 

1 7. A microminiature heat exchanger as recited in claim 6, wherein said 

2 partitions on said spacers are located to align said high pressure flow chambers with each 

3 other, and to align said low pressure flow chambers with each other, to direct each said 

4 passageway substantially parallel to said longitudinal axis of said heat exchanger. 
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1 8. A microminiature heat exchanger as recited in claim 6, wherein said 

2 partitions on said spacers are located to transversely offset adjacent said high pressure 

3 flow chambers from each other, and to transversely offset adjacent said low pressure flow 

4 chambers from each other, to direct substantial portions of each said passageway 

5 substantially transverse to said longitudinal axis of said heat exchanger. 



1 9. A microminiature heat exchanger as recited in claim 1 , wherein: 

2 said plates are laminated together and then rolled about a longitudinal axis, to 

3 form a cylindrical laminated assembly; 

4 said high pressure passageway comprises a first channel formed in a first said 

5 plate; and 

6 said low pressure passageway comprises a second channel formed in a second said 

7 plate. 

1 1 0. A microminiature heat exchanger as recited in claim 9, wherein: 

2 substantial portions of each said passageway in said laminated assembly are 

3 parallel to said longitudinal axis; 

4 each said portion of said high pressure passageway is adjacent to one of said 

5 portions of said low pressure passageway; and 

6 transfer of heat from said high pressure passageway to said low pressure 

7 passageway is substantially radial, relative to said longitudinal axis. 

1 1 1. A microminiature heat exchanger as recited in claim 1, further comprising 



2 a substantially annular insulating jacket integrally formed within said heat exchanger by 

3 formation of substantially annular channels through said plates, said substantially annular 

4 channels being positioned radially outwardly from said high pressure passageway and said 

5 low pressure passageway, said annular insulating jacket being evacuated. 
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1 1 2. A microminiature heat exchanger for transferring heat from a high pressure 

2 gas stream to a low pressure gas stream within a cryogenic probe, said heat exchanger 

3 comprising: 

4 an axially stacked assembly of laminated flat plates and flat spacers, said plates 

5 being alternated with said spacers; 

6 a first plurality of holes formed through said plates to form a high pressure 

7 passageway through said laminated assembly, each said hole in said high 

8 pressure passageway in a said plate being transversely offset from a 

9 corresponding hole in each adjacent said plate, creating a tortuous high 

10 pressure flow path to cause turbulent flow of cryogenic gas; 

1 1 a second plurality of holes formed through said plates to form a low pressure 

12 passageway through said laminated assembly, each said hole in said low 

13 pressure passageway in a said plate being transversely offset from a 

14 corresponding hole in each adjacent said plate, creating a tortuous low 

1 5 pressure flow path to cause turbulent flow of cryogenic gas; and 

16 a substantially annular channel formed through each said plate and each said 

17 spacer to integrally form a substantially annular insulating jacket within 

18 said laminated assembly, said substantially annular channel being 

19 positioned radially outwardly from said high pressure passageway and said 

20 low pressure passageway, said annular insulating jacket being evacuated; 

21 wherein the direction of flow from said inlet port to said outlet port of said high 

22 pressure passageway is substantially opposite to the direction of flow from 

23 said inlet port to said outlet port of said low pressure passageway. 
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1 1 3. A microminiature heat exchanger as recited in claim 12, wherein: 

2 each said high pressure hole in any one said plate is sufficiently transversely offset 

3 from said high pressure holes in adjacent said plates to cause substantial 

4 portions of said high pressure passageway to be transverse to a longitudinal 

5 axis of said heat exchanger; 

6 each said low pressure hole in any one said plate is sufficiently transversely offset 

7 from said low pressure holes in adjacent said plates to cause substantial 

8 portions of said low pressure passageway to be transverse to a longitudinal 

9 axis of said heat exchanger; and 

10 transfer of heat from said high pressure passageway to said low pressure 

1 1 passageway is substantially parallel to said longitudinal axis. 

l 14. A microminiature heat exchanger as recited in claim 12, wherein said first 



2 plurality of holes are formed through a central portion of each of said plates, and said 

3 second plurality of holes are formed in a substantially annular pattern around said central 

4 portion of each of said plates so that each said passageway is substantially parallel to a 

5 longitudinal axis of said heat exchanger, and transfer of heat from said high pressure 

6 passageway to said low pressure passageway is substantially transverse to said 

7 longitudinal axis. 

1 15. A microminiature heat exchanger as recited in claim 12, wherein said 

2 spacers form a high pressure flow chamber and a low pressure flow chamber between 

3 each pair of adjacent said plates, said substantially annular channel being positioned 

4 radially outwardly from said high pressure flow chamber and said low pressure flow 

5 chamber. 

1 16. A microminiature heat exchanger as recited in claim 15, wherein each said 

2 spacer includes a partition dividing said high pressure flow chamber from said low 

3 pressure flow chamber. 
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1 17. A microminiature heat exchanger as recited in claim 16, wherein said 

2 partition on each said spacer comprises a substantially annular partition surrounding a 

3 central portion of said spacer, to create substantially central high pressure flow chambers 

4 aligned with each other, and to create substantially annular low pressure flow chambers 

5 aligned with each other, to direct said high pressure passageway substantially along a 

6 longitudinal axis of said heat exchanger, and to direct said low pressure passageway 

7 substantially coaxially around said high pressure passageway. 

1 18. A microminiature heat exchanger as recited in claim 16, wherein said 

2 partitions on said spacers are arranged to transversely offset adjacent said high pressure 

3 flow chambers from each other, and to transversely offset adjacent said low pressure flow 

4 chambers from each other, to direct substantial portions of each said passageway 

5 substantially transverse to a longitudinal axis of said heat exchanger. 



1 1 9. A microminiature heat exchanger for transferring heat from a high pressure 

2 gas stream to a low pressure gas stream within a cryogenic probe, said heat exchanger 

3 comprising: 

4 an axially stacked assembly of laminated flat plates and flat spacers, said plates 

5 being alternated with said spacers; 

6 a first plurality of holes formed through said plates, for turbulent flow of high 

7 pressure cryogenic gas, each said high pressure hole being transversely 

8 offset from a corresponding high pressure hole in each adjacent said plate; 

9 a second plurality of holes formed through said plates, for turbulent flow of low 

10 pressure cryogenic gas, each said low pressure hole being transversely 

1 1 offset from a corresponding low pressure hole in each adjacent said plate; 

12 and 

13 an end plate laminated to an end of said stacked assembly, said end plate having 

14 an orifice therethrough in flow communication with said high pressure 

15 holes; 

16 wherein the direction of flow from said inlet port to said outlet port of said high 

17 pressure passageway is substantially opposite to the direction of flow from 

18 said inlet port to said outlet port of said low pressure passageway. 
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1 20. A microminiature heat exchanger for transferring heat from a high pressure 

2 gas stream to a low pressure gas stream within a cryogenic probe, said heat exchanger 

3 comprising: 

4 an axially stacked assembly of laminated flat plates and flat spacers, said plates 

5 being alternated with said spacers; 

6 a first plurality of holes formed through said plates, for turbulent flow of high 

7 pressure cryogenic gas, each said high pressure hole being transversely 

8 offset from a corresponding high pressure hole in each adjacent said plate; 

9 a second plurality of holes formed through said plates, for turbulent flow of low 

10 pressure cryogenic gas, each said low pressure hole being transversely 

1 1 offset from a corresponding low pressure hole in each adjacent said plate; 

12 and 

13 a plurality of spacers laminated to an end of said stacked assembly, to create a 

14 manifold for connection of high pressure and low pressure gas lines to said 

1 5 heat exchanger; 

16 wherein the direction of flow from said inlet port to said outlet port of said high 

17 pressure passageway is substantially opposite to the direction of flow from 

1 8 said inlet port to said outlet port of said low pressure passageway. 
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1 2 1 . A microminiature heat exchanger for transferring heat from a high pressure 

2 gas stream to a low pressure gas stream within a cryogenic probe, said heat exchanger 

3 comprising: 

4 an axially stacked assembly of laminated flat plates and flat spacers, said plates 

5 being alternated with said spacers; 

6 a first plurality of holes formed through said plates, for turbulent flow of high 

7 pressure cryogenic gas, each said high pressure hole being transversely 

8 offset from a corresponding high pressure hole in each adjacent said plate; 

9 a second plurality of holes formed through said plates, for turbulent flow of low 

10 pressure cryogenic gas, each said low pressure hole being transversely 

1 1 offset from a corresponding low pressure hole in each adjacent said plate; 

12 a substantially annular channel formed through each said plate and each said 

13 spacer to integrally form a substantially annular insulating jacket within 

14 said laminated assembly, said substantially annular channel being 

15 positioned radially outwardly from said high pressure and low pressure 

1 6 holes, said annular insulating jacket being evacuated; 

17 a plurality of spacers laminated to a first end of said stacked assembly, to create a 

1 8 manifold for connection of high pressure and low pressure gas lines to said 

19 heat exchanger; and 

20 an end plate laminated to a second end of said stacked assembly, said end plate 

21 having an orifice therethrough in flow communication with said high 

22 pressure holes; 

23 wherein the direction of flow from said inlet port to said outlet port of said high 

24 pressure passageway is substantially opposite to the direction of flow from 

25 said inlet port to said outlet port of said low pressure passageway. 
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1 22. A microminiature heat exchanger for transferring heat from a high pressure 

2 gas stream to a low pressure gas stream within a cryogenic probe, said heat exchanger 

3 comprising: 

4 a first sheet having a first flow channel etched therein to form a high pressure 

5 passageway, said high pressure passageway having an inlet port and an 

6 outlet port, said inlet high pressure port being formed at a first edge of said 

7 first sheet and said outlet high pressure port being formed at a second edge 

8 of said first sheet; and 

9 a second sheet having a second flow channel etched therein to form a low pressure 

10 passageway, said low pressure passageway having an inlet port and an 

1 1 outlet port, said outlet low pressure port being formed at a first edge of 

12 said second sheet and said inlet low pressure port being formed at a second 

13 edge of said second sheet; 

14 wherein said first and second sheets are laminated together, with said first edge of 

15 said first sheet aligned with said first edge of said second sheet, and with 

16 said second edge of said first sheet aligned with said second edge of said 

17 second sheet; and 

18 wherein said first and second sheets are rolled into a cylindrical shape having said 

19 inlet high pressure port and said outlet low pressure port at a first end, and 

20 having said outlet high pressure port and said inlet low pressure port at a 

21 second end. 

1 23 . A microminiature heat exchanger as recited in claim 22, wherein: 

2 substantial portions of said first flow channel in said first sheet are parallel to a 

3 longitudinal axis of said heat exchanger; 

4 substantial portions of said second flow channel in said second sheet are parallel 

5 to said longitudinal axis of said heat exchanger; 

6 each said portion of said high pressure passageway is adjacent to one of said 

7 portions of said low pressure passageway; and 

8 transfer of heat from said high pressure passageway to said low pressure 

9 passageway is substantially radial, relative to said longitudinal axis. 
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1 24. A method of manufacturing a microminiature heat exchanger for use in a 

2 cryogenic probe, said method comprising: 

3 coating a plurality of sheets with a layer of photo resistive compound; 

4 creating a first design of a plurality of flat plates, each said plate having a first 

5 plurality of holes and a second plurality of holes; 

6 creating a second design of a plurality of flat spacers, each said spacer having a 

7 first large opening and a second large opening divided by a partition; 

8 transferring said first and second designs to said plurality of sheets by tracing said 

9 first and second designs with a laser to bond portions of said photo 

I o resistive compound to said plurality of sheets; 

II washing said plurality of sheets in an etching compound to disintegrate non- 
12 bonded portions of said sheets to create said plurality of plates and said 

1 3 plurality of spacers arranged in said sheets; 

14 axially stacking said sheets to form a laminar assembly, said assembly comprising 

15 a plurality of laminar subassemblies, each said laminar subassembly 

16 comprising an axial stack of plates and spacers, said plates being alternated 

17 with said spacers, said first plurality of holes in each said plate being 

18 transversely offset from said first plurality of holes in adjacent said plates 

19 of said respective subassembly and aligned with said first large opening in 

20 said spacer therebetween, to form a high pressure passageway through said 

21 laminar subassembly, said second plurality of holes in each said plate 

22 being transversely offset from said second plurality of holes in adjacent 

23 said plates of said respective subassembly and aligned with said second 

24 large opening in said spacer therebetween, to form a low pressure 

25 passageway through said laminar subassembly; 

26 diffusion bonding said laminated assembly together; and 

27 removing said plurality of laminar subassemblies from said laminar assembly, 

28 each said laminar subassembly comprising one said microminiature heat 

29 exchanger. 
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1 25. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 24, wherein: 

3 said first design of a plurality of flat plates is transferred to a first plurality of 

4 sheets; 

5 said second design of a plurality of flat spacers is transferred to a second plurality 

6 of sheets; and 

7 said first plurality of sheets are alternated with said second plurality of sheets in 

8 said laminar assembly. 

1 26. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 25, wherein: 

3 said first plurality of sheets are constructed of a first material having a relatively 

4 higher coefficient of heat transfer; and 

5 said second plurality of sheets are constructed of a second material having a 

6 relatively lower coefficient of heat transfer. 
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1 27. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 24, further comprising: 

3 creating a third design of a plurality of first manifold plates, each said first 

4 manifold plate having an inlet to said high pressure passageway and an 

5 outlet from said low pressure passageway; 

6 creating a fourth design of a plurality of second manifold plates, each said second 

7 manifold plate having an outlet from said high pressure passageway and an 

8 inlet to said low pressure passageway; 

9 transferring said third design to a first manifold sheet by tracing said third design 

10 with a laser to bond portions of said photo resistive compound to said first 

1 1 manifold sheet; 

12 transferring said fourth design to a second manifold sheet by tracing said fourth 

13 design with a laser to bond portions of said photo resistive compound to 

14 said second manifold sheet; 

15 washing said first and second manifold sheets in an etching compound to 

16 disintegrate non-bonded portions of said sheets to create said plurality of 

17 first manifold plates arranged in said first manifold sheet, and to create 

18 said plurality of second manifold plates arranged in said second manifold 

19 sheet; 

20 laminating said first manifold sheet to a first end of said laminar assembly, each 

21 said first manifold plate being aligned with a first end of a said laminar 

22 subassembly; and 

23 laminating said second manifold sheet to a second end of said laminar assembly, 

24 each said second manifold plate being aligned with a second end of a said 

25 laminar subassembly. 

1 28. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 24, wherein said design is computer aided. 

1 29. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 24, wherein said laser is numerically controlled. 
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1 30. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 24, further comprising: 

3 establishing sufficient angular offset between said first plurality of holes in any 

4 one said plate and said first plurality of holes in adjacent said plates to 

5 cause substantial portions of said high pressure passageway to be 

6 transverse to a longitudinal axis of said heat exchanger; and 

7 establishing sufficient angular offset between said second plurality of holes in any 

8 one said plate and said second plurality of holes in adjacent said plates to 

9 cause substantial portions of said low pressure passageway to be transverse 

10 to said longitudinal axis of said heat exchanger. 

1 3 1 . A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 24, further comprising: 

3 forming a substantially annular channel in each said plate, said annular channel 

4 substantially surrounding said first plurality of holes and said second 

5 plurality of holes; 

6 forming a substantially annular channel in each said spacer, said annular channel 

7 substantially surrounding said first large opening and said second large 

8 opening; 

9 aligning said annular channels in said plates and said spacers to form an insulating 

10 jacket surrounding said high pressure passageway and said low pressure 

1 1 passageway of each said heat exchanger; 

12 placing said laminar assembly under a vacuum; and 

13 maintaining said vacuum while performing said diffusion bonding to establish a 

14 vacuum in each said insulating jacket. 
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1 32. A method of manufacturing a microminiature heat exchanger for use in a 

2 cryogenic probe, said method comprising: 

3 coating at least one flexible substrate with a layer of photo resistive compound; 

4 creating at least two designs of serpentine flow channels, with one said design 

5 being a high pressure gas flow channel, and another said design being a 

6 low pressure gas flow channel, said high pressure flow channel having an 

7 inlet at a first end and an outlet at a second end, said low pressure flow 

8 channel having an outlet at a first end and an inlet at a second end; 

9 transferring said designs to said at least one substrate by tracing said designs with 

10 a laser to bond portions of said photo resistive compound to said at least 

1 1 one substrate; 

12 washing said at least one substrate in an etching compound to etch high pressure 

13 and low pressure flow channels into non-bonded portions of said at least 

14 one substrate to create a high pressure flow sheet containing said high 

15 pressure flow channel and to create a low pressure flow sheet containing 

16 said low pressure flow channel, said high pressure flow sheet having said 

17 high pressure inlet at a first edge and said high pressure outlet at a second 

18 edge, said low pressure flow sheet having said low pressure outlet at a first 

19 edge and said low pressure inlet at a second edge; 

20 laminating said high pressure flow sheet to said low pressure flow sheet, with said 

21 high pressure flow channel lying substantially parallel to said low pressure 

22 flow channel, and with said first edge of said high pressure flow sheet 

23 adjacent to said first edge of said low pressure flow sheet; and with said 

24 second edge of said high pressure flow sheet adjacent to said second edge 

25 of said low pressure flow sheet; and 

26 rolling said laminated flow sheets about a third edge of each said flow sheet to 

27 form a cylindrical heat exchanger, said high pressure inlet and said low 

28 pressure outlet being located at a first end of said heat exchanger, and said 

29 high pressure outlet and said low pressure inlet being located at a second 

30 end of said heat exchanger. 
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1 33. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 32, wherein said designs are computer aided. 

1 34. A method of manufacturing a microminiature heat exchanger as recited in 

2 claim 32, wherein said laser is numerically controlled. 
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